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STRUCTURAL  INTEGRITY  OF  WATER  REACTOR 
PRESSURE  BOUNDARY  COMPONENTS 

PROGRESS  REPORT  ENDING  30  NOVEMBER  1977 


SUMMARY 

I.  FATIGUE  CRACK  PROPAGATION  IN  LWR  MATERIALS 
A.  Evaluation  of  Critical  Factors  in  Crack  Growth  Rate  Studies 

Cyclic  crack  growth  rate  (CCGR)  testing  was  continued  in 
accord  with  the  NRC  preliminary  matrix  using  1TCT  specimens  of  A508-2 
forging.  A previous  test  indicated  a relatively  high  CCGR  in  the 
water  pot  with  a loading  waveform  consisting  of  1 min  ramp  - 3 min  hold 
periods.  A duplicate  test  has  now  confirmed  this  trend.  An  identical 
high  growth  rate  was  exhibited  by  another  water  pot  test  having  a wave- 
form consisting  of  5 min  ramp  - 1 min  hold  periods.  A test  of  the 
latter  wave  form  in  an  autoclave  produced  a much  lower  growth  rate, 
however.  This  result  was  not  expected  and  an  investigation  of  this 
behavior  is  continuing. 

II.  RADIATION  SENSITIVITY  AND  POSTIRRADIATION  PROPERTIES  RECOVERY 
A.  IAR  Program 


Experiment  2 of  the  IAR  program,  containing  two  submerged  arc 
welds  and  an  A302-B  (modified)  plate  has  been  completed.  The  primary 
objective  was  to  explore  notch  ductility  trends  with  irradiation- 
anneal-reirradiation  treatments.  Annealing  heat  treatments  evaluated 
included  a 343°C  (650°F)-168  hr  anneal  and  a 399°C  (750°F)-168  hr 
anneal.  The  exploratory  results  suggest  that,  for  the  irradiation  and 
reirradiation  fluence  conditions  investigated,  an  intermediate  343°C 
heat  treatment  may  not  be  a practical  method  for  control  of  neutron 
embrittlement  because  of  the  high  frequency  of  reactor  vessel  annealing 
which  would  be  required.  On  the  other  hand,  an  intermediate  399°C 
heat  treatment  does  appear  to  be  an  effective  annealing  method.  Full 
upper  shelf  recovery  but  not  full  transition  temperature  recovery  was 
achieved  for  both  welds  by  the  399°C  heat  treatment  procedure  follow- 
ing both  first  cycle  and  second  cycle  radiation  exposures. 

Note:  Manuscript  submitted  May  2,  1978. 
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III.  FRACTURE  MECHANICS  INVESTIGATIONS 


A.  J Integral  Characterization  of  Low  Upper  Shelf  A302-B  Steel  Plate 

The  fracture  toughness  of  a plate  of  A302-B  steel  having  a low  upper 
shelf  energy  is  being  investigated  with  the  J integral  procedure. 

Special  emphasis  has  been  placed  on  development  of  the  unloading 
compliance  method  (UCM)  as  a means  to  evolve  the  J-R  curve  with  a 
single  specimen.  A demonstrated  UCM  capability  by  remote  testing  is 
required  to  assess  the  toughness  of  irradiated  materials  that  are 
generally  available  in  limited  quantity. 

Preliminary  investigations  of  the  A302-B  steel  have  been  conducted 
with  1TCT  specimens  in  the  upper  shelf  temperature  regime.  Results 
point  out  an  error  between  the  specimen  crack  extension  determined  by 
the  UCM  and  by  optical  measurements  of  the  fracture  surface.  The  use 
of  face-grooved  specimens  eliminates  the  "tunneled"  crack  extension 
exhibited  by  the  smooth  specimens  but  does  not  eliminate  the  preceding 
error  in  crack  length  determination.  The  R curve  slope  of  the  face- 
grooved  specimens  is  less  than  that  of  the  smooth  specimens,  thereby 
suggesting  a specimen  geometry  dependence  of  the  R curve. 
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RESEARCH  PROGRESS 

I.  FATIGUE  CRACK  PROPAGATION  IN  LWR  MATERIALS 
A.  Evaluation  of  Critical  Factors  in  Crack  Growth  Rate  Studies 

H.E.  Watson,  B.H.  Menke,  and  F.J.  Loss 
Background 

Experimental  results  discussed  here  pertain  to  tests  continuing  in 
support  of  the  preliminary  test  matrix  developed  by  the  Nuclear 
Regulatory  Commission  to  simulate:  (a)  the  hydro  and  leak  transient, 

(b)  the  heat  up  and  cooldown  transient,  and  (c)  the  steady  state 
operation  of  a nuclear  pressure  vessel.  The  primary  objective  of  these 
tests  is  to  define  the  important  test  variables  to  be  used  in  tne  main 
test  program.  Specimens  used  in  these  tests  are  25  mm  (1-in.)  thick 
compact  toughness  (CT) . Tests  were  conducted  using  an  R-ratio  of  0.125 
and  loading  waveforms  aimed  at  evaluating  the  effect  of  hold  and  rise 
times  on  fatigue  crack  propagation  (FCP).  Results  are  presented  from 
autoclave  (288°C,  13.8  MPa)  and  water  pot  (93°C,  atmospheric  pressure) 
tests  and  crack  length  measurements  are  determined  by  the  compliance 
method.  In  all  cases,  the  crack  growth  rate,  da/dN,  values  are 
determined  by  computer  analysis  using  the  incremental  polynominal 
technique  recommended  by  the  ASTM  Task  Group  on  Fatigue  Crack  Growth 
Rate  Testing  (1). 

Experimental  Procedure 

The  FCP  data  were  generated  using  autoclave  and  water  pot  fatigue 
test  equipment  to  simulate  the  heatup  and  hydro/leak  transients  respec- 
tively. The  water  chemistry  specification  (2)  for  the  two  test  systems  is 
identical  except  for  gas  concentration  resulting  from  the  cover  gas. 
Hydrogen  is  used  in  the  autoclave  and  nitrogen  in  the  water  pot  tests. 

The  water  is  circulated  through  both  test  chambers  to  maintain  a 
uniform  chemistry.  Crack  length  measurements  are  referenced  to  the 
crack  mouth  opening  (CMO)  and  are  determined  using  linear  variable 
differential  transformers  (LVDT)  which  operate  in  the  environment. 


Results 


Previous  results  (3)  combining  a 1-min.  rise  time  with  a 3 min. 
hold  period  in  the  water  pot  produced  the  highest  FCP  rates  ever 
observed  at  NRL  for  tests  using  A508-2  forging  material.  To  obtain  a 
higher  level  of  confidence  in  that  data,  this  test  was  duplicated 
using  specimen  FW-7.  The  results  of  that  test  are  presented  in  Fig.  1 
and  compared  to  the  earlier  data.  (FW-7  vs  FW-14). 

In  an  earlier  progress  report  (3),  data  from  specimen  FW-14  have 
been  compared  with  a recent  water  pot  test  using  a loading  waveform 
composed  of  a 5-min.  ramp  and  a 1-min.  hold  period  (Spec.  FW-8) . The 
data  trends  were  essentially  identical  indicating  that  changing  the 
ramp  time  from  1 to  5 min.  and  the  hold  time  from  1 min.  to  3 min.  had 
little,  if  any,  effect  on  FCP. 

An  autoclave  test  (Spec.  FW-13)  has  been  completed  with  a 5-min. 
ramp,  1-min  hold  period  to  compare  with  the  water  pot  test  conducted 
earlier  (FW-8).  Data  from  both  tests  are  shown  in  Fig.  2.  The 
autoclave  result  was  unexpected  since  most  of  the  data  fell  on  or 
below  the  ASME  Section  XI  air  line,  whereas  in  previous  tests,  for  a 
given  set  of  test  conditions,  the  water  pot  and  autoclave  tests  compared 
very  favorably.  The  difference  in  these  data  cannot  be  attributed  to 
water  chemistry  since  it  was  comparable  throughout  each  test.  The 
cause  of  the  large  variation  in  these  two  tests  is  being  investigated. 

Conclusion 

S / 

I 

1.  The  FW-7  specimen  test  confirmed  the  validity  of  high  FCP 
\ data  obtained  from  the  FW-14  using  a 1-min.  ramp  with  a 3-min.  hold 

h period. 

> 2.  Further  tests  are  necessary  to  explain  the  large  differences 


that  occurred  in  the  FW-13  (autoclave)  and  FW-8  (water  pot)  specimen 
tests. 
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g.  1 - Comparison  of  duplicate  water  pot  tests  using  a waveform 
composed  of  a one  minute  ramp  and  a three  minute  hold  period. 
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Fig.  2 - Comparison  of  autoclave  and  water  pot  tests  using  a wave 
form  composed  of  a five  minute  ramp  and  a one  minute  hold  period. 


II.  RADIATION  SENSITIVITY  AND  POSTIRRADIATION  PROPERTIES  RECOVERY 
A.  IAR  Program 

J.R.  Hawthorne,  H.E.  Watson,  and  F.J.  Loss 
Background 

The  initials  of  the  IAR  Program  stand  for  "Irradiate,  Anneal, 
and  Reirradiate"  respectively.  The  intent  of  the  program  is  to 
investigate  material  performance  under  two  full  annealing  and  reirradi- 
ation cycles  such  that  the  merits  and  potential  of  the  method  of  the 
control  of  radiation-induced  embrittlement  can  be  identified. 

In  a previous  progress  report  (4),  the  background  and  the 
objectives  of  the  program  were  outlined.  The  planned  experimental  test 
matrix  (Table  1)  was  also  discussed  together  with  a description  of 
the  materials  selected  for  study  (Table  2)  (3). 

Table  1 


Radiation  Experiment  Matrix 
288°C  (550°F)  Irradiation 


Experiment 

Number 

Specimen 

Types 

Designation 

Objective 

1 

c 

V 

IA 

Explore  recovery  by  343 
and  399°C  (650  and’  750°C) 
annealing 

2 A, B, C 

C 

V 

IAR 

Explore  reirradiation 
response  of  all  three 
materials 

3A 

through 

3E 

CT,  C 

V 

I 

through 

IARAR 

Determine  IARAR  per- 
formance of  Weld  1 

4A 

through 

4E 

CT,  C 

9 V 

I 

through 

IARAR 

Determine  IARAR  per- 
formance of  Weld  2 

Results  from  Experiment  1 were  presented  and  analyzed  in  the  last 
progress  report  (3).  Two  important  determinations  were:  (a)  a 343Pc_ 
168  hour  heat  treatment  achieved  a high  degree  of  recovery  in  upper 
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Steel  Company  determination 


shelf  for  welds  V84  and  V86  (62  and  100  percent,  respectively),  but 
only  limited  recovery  in  transition  (29  and  22  percent,  respectively) 
whereas,  (b)  a 399°C-168  hr  heat  treatment  produced  100  percent 
recovery  in  upper  shelf  and  ^70  percent  in  transition  temperature  for 
both  welds.  On  the  basis  of  these  findings,  the  target  reirradiation 
fluence  ($^s*)  for  Experiment  2B  (IAR  with  343°C  anneal)  was  establish- 
ed at  3 x 10^®  n/cm^  and  at  6 x lO^®  n/cm^  >1  MeV  for  Experiment  2C 
IAR  with  399°C  anneal) . 


Postirradiation  testing  and  data  analyses  for  Experiments  2A,  B,  C 
have  now  been  completed.  The  experiments  each  contained  welds  V84 
and  V86  and  plate  V85  and  provided  material  conditions  as  listed  in 
Table  3.  The  experimental  data  are  presented  in  Figs.  3 to  7.  It 
should  be  noted  that  fluences  (n/cm^  >1  MeV)  given  in  each  figure 
are  preliminary  estimates  only. 

Table  3 

Irradiation  (I),  Anneal  (A),  and  Reirradiation  (R)  Conditions 
of  Experiments  2 A,  B,  C 


Experiment  Description  Material 


Condition‘d 


IA1RA1 


ia2ra2 


V84,  V85,  V86 
V86 

V84,  V85 , V86 

V84 , V86 
V84 , V85 , V86 

V84 , V86 


1.2xl019  n/cm2  ($CS  >1  MeV) 
I + 399° C -168  hr 

I + 343°C  -168  hr  + 

3.6x  10^  n/cm2 

IA^R  + 343°C  -168  hr 

I + 399° C -168  hr  + 

IQ  O 

7.2  x 10  n/cm 
IA2R  + 399°C  -161  hr 


*<JCS  >1  MeV  (calculated  spectrum  fluence)  = 1.2  4>^S  > 1 MeV  (fission 
spectrum  fluence) 


] 


Severa 
as  follows: 

1.  Notch  ductility  after  343°C  annealing  and  reirradiation* 

is  either  poorer  than  or  the  same  as  the  notch  ductility  observed  after 
the  first  cycle  radiation  exposure  (see  Figs.  3 and  5,  respectively). 

2.  Notch  ductility  after  399°C  annealing  and  reirradiation**  is 
better  than  the  notch  ductility  observed  after  the  first  cycle  irradi- 
ation exposure  (see  Figs.  4 and  6). 

3.  The  amount  of  reembrittlement  produced  by  the  reirradiation 
exposure  alone,  in  terms  of  transition  temperature  change,  is  greater 
than  that  projected  for  non-heat  treated  material  whose  fluence  is 

r IQ  o 

increased  from  1.2  x 10  n/cmz  to  the  final  (cycle  1 plus  2)  fluence 
value  (i.e.,  1.56  n/cm^  or  1.92  x 10^  n/cm^,  depending  on  the  IAR 
versus  I comparison  involved. 

| 

4.  The  amount  of  reembrittlement  produced  by  the  reirradiation 
exposure  alone,  in  terms  of  transition  temperature  change,  is  about 
equal  to  that  projected  for  virgin  material  receiving  the  same  fluence 
(i.e.,  3.6  x 10L  n/cm^  in  the  case  of  the  343°C  annealed  material,  or 
7.2  x 10-*-®  n/cm^  in  the  case  of  the  399°C  annealed  material). 

5.  Notch  ductility  following  the  second  cycle  anneal  treatment 
(IAJRA  condition),  judging  from  limited  data  available,  is  either 
equal  to  or  better  than  that  produced  by  the  first  cycle  anneal 
treatment  (1A  condition).  With  reference  to  the  earlier  assessments, 
good  agreement  was  found  between  the  notch  ductility  data  for  the 
?.  as-irradiated  conditions  (I)  of  Experiment  2 and  Experiment  1 (3)  and 

between  the  data  for  the  respective  irradiated  and  annealed  conditions 

(IA). 

t 


In  the  case  of  plate  V85  (Fig.  7),  only  a few  specimens  were 
available  from  each  experiment  and  were  assigned  to  upper  shelf 
condition  tests.  Analysis  of  the  results  were  somewhat  hampered  by 
data  scatter;  however,  it  appears  that  the  upper  shelf  level  of  the 
399  C annealed  and  reirradiated  condition  (but  not  the  343°C  annealed 
and  reirradiated  condition)  is  higher  than  that  for  the  first  cycle 
irradiated  (I)  condition.  This  indication  is  consistent  with  the 
findings  for  the  weld  deposits  above.  Figure  8 compares  data  for  the 
unirradiated  plate  developed  independently  by  NRL  and  two  other  sites. 
The  notch  ductility  variation,  which  stem  from  the  evaluation  of 
different  plate  sections,  demonstrates  well  the  need  for  generating 
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reference  condition  data  for  that  same  location  in  the  plate  used  for 
irradiation  tests. 

To  summarize  the  experimental  observations,  the  results  indicate 

that: 

1.  A 343°C  (650°F)  intermediate  heat  treatment  may  not  be  a 
practical  method  for  control  of  radiation  embrittlement  in  reactor 
vessels  because  of  the  high  frequency  of  reactor  vessel  annealing  which 
would  be  required. 

2.  A 399°C  (750°F)  intermediate  heat  treatment  is  a promising 
method  for  control  of  radiation  embrittlement  for  the  irradiation  and 
heat  treatment  conditions  of  present  investigation. 

3.  Full  upper  shelf  recovery  but  not  full  transition  temperature 
recovery  was  developed  in  both  welds  by  a 399°C  heat  treatment 
following  first  cycle  and  second  cycle  radiation  exposures. 

Status 

On  the  basis  of  the  findings  to  date,  the  annealing  and 
reirradiation  conditions  for  Experiments  3 and  4 were  established  at 
399°C  -168  hr  and  'W  x 10^8  n/cm^  >1  MeV  ($cs),  respectively.  Reactor 
operations  required  for  Experiments  3A  through  3C  and  Experiments  4A 
through  4C  subsequently  have  been  completed,  and  postirradiation  testing 
operations  have  commenced.  Experiments  3D  and  3E  and  Experiments  4D 
and  4E  presently  are  undergoing  their  second  cycle  irradiation  exposure. 


III.  FRACTURE  MECHANICS  INVESTIGATION 


A.  J Integral  Characterization  of  Low  Upper  Shelf  A302-B  Steel 
Plate 


F.J.  Loss,  R.A.  Gray,  Jr.,  and  B.H.  Menke 
Background 

A program  is  being  conducted  to  characterize  the  fracture  toughness 
of  pressure  vessel  steels  that  exhibit  a lower  upper  shelf  energy. 

This  investigation  has  been  motivated  by  the  projected  drop  in  the 
Charpy-V  (Cv)  upper  shelf  energy  to  levels  less  than  68J  (50  ft-lb), 
caused  by  irradiation  of  steels  used  in  the  construction  of  certain 
older  LWR  pressure  vessels.  It  is  necessary  to  characterize  the 
toughness  in  terms  of  fracture  mechanics  to  permit  an  assessment  to 
be  made  of  the  margin  of  safety  against  fracture  associated  with  a 
given  Cv  upper  shelf  energy.  However,  it  is  difficult  to  measure  the 
toughness  of  these  irradiated  steels  with  linear  elastic  fracture 
mechanics  (LEFM)  techniques  because  of  the  large  sizes  of  irradiated 
specimens  that  may  be  required.  While  it  is  feasible  to  irradiate 
smaller  specimens,  e.g.  25  mm  thick,  these  specimens  are  expected  to 
exhibit  an  elastic-plastic  behavior.  For  tests  of  this  type,  the  J 
integral  R-curve  approach  is  being  applied  to  characterize  the  low 
shelf  alloys  and  also  to  permit  an  assessment  to  be  made  of  full- 
section  behavior  using  small  specimens. 

The  current  ASTM-recommended  method  for  Jjc  measurement  requires 
several  specimens  to  be  tested  in  which  the  crack  extension  (Aa)  may  be 
determined  by  "heat  tinting"  and  measuring  the  fracture  surface. 

Because  of  the  difficulties  in  obtaining  and  testing  irradiated  speci- 
mens, it  is  necessary  to  develop  a single  specimen  techique  for  the 
assessment  of  both  Jjc  and  the  R curve.  Current  emphasis  has  been  to 
develop  the  unloading  compliance  method  (UCM)  as  a viable  single 
specimen  J technique  for  application  to  irradiated  CT  specimens. 

Investigations  have  centered  on  an  A302-B  steel  having  an  upper 
shelf  energy  of  approximately  68J.  The  melt  for  this  plate  was 
specially  selected  and  processed  to  provide  a representative  pressure 
vessel  steel  that  could  be  used  to  assess  the  toughness  associated  with 
the  68J  Cv  energy  level.  The  latter  energy  is  the  lowest  value  permitted 
by  Appendix  G of  10  CFR  Part  50  without  the  necessity  for  complete 
volumetric  inspection  of  the  beltline  region  and  a fracture  mechanics 
analysis  to  demonstrate  adequate  margins  for  continued  operations. 

The  primary  objective  in  the  current  phase  of  the  program  is  to 
develop  the  UCM  to  a point  where  it  can  be  used  to  predict  the  J-R 
curve  obtained  from  the  multispecimen  heat-tint  technique.  In  the  next 
phase,  this  method  will  be  applied  in  the  assessment  of  irradiated 
specimens  of  the  IAR  program  (see  Sec.  II  of  this  report). 
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Other  current  objectives  are  to  characterize  the  influence  of  face 
grooves  as  well  as  the  effects  of  specimen  size  on  the  J-R  curve.  In 
addition,  a cooperative  program  was  initiated  between  CISE  (Italy)  and 
NRL.  The  objectives  of  that  program  are  (a)  to  obtain  an  inter- 
laboratory comparison  of  the  J-R  curves  for  the  A302-B  steel  using  the 
heat  tint  technique,  and  (b)  to  investigate  size  effects  with  CT 
specimens  of  12.5  25,  and  50-mm  thickness. 

Unloading  Compliance  Method  Development 

The  successful  application  of  the  UCM  rests  in  the  elimination  of 
frictional  effects  in  the  mechanical  apparatus  so  as  to  minimize  the 
hysteresis  obtained  in  the  record  of  load  (P)  vs  load-line  deflection  (5), 
It  is  also  necessary  to  employ  electronics  that  are  capable  of  resolving 
the  small  signals  obtained  from  the  load  and  displacement  transducers. 

The  current  investigation  employs  a 1TCT  specimen  (Fig.  9)  having  a 
modified  notch  and  pin-hole  spacing  to  permit  the  placement  of  razor 
knife  edges  on  the  load  line.  The  use  of  knife  edges  in  conjunction 
with  a clip  gage  decreases  the  hysteresis  in  the  load  vs  displacement 
record.  The  interaction  of  the  specimen  grips  and  loading  pins  was  also 
believed  to  influence  the  hysteresis.  Fortunately,  this  area  of 
concern  was  found  to  be  inconsequential  for  the  particular  amplification 
employed  of  the  load  and  deflection  signals.  Use  of  bearings  in  the 
grip  pin  holes  as  well  as  flat-bottom  holes  in  the  grips  produced  the 
same  hysteresis  as  grips  having  a hole  approximately  equal  to  the  pin 
diameter.  Current  testing  is  being  conducted  with  a flat-bottom  grips. 

Specimen  Compliance  The  compliance  (6/P)  curves  for  both  smooth  and 
25%  face-grooved  specimens  were  derived  experimentally  (Fig.  10)  using 
1TCT  specimens  as  shown  in  Fig.  9.  The  data  are  presented  in  Table  4. 
Various  crack  length-to-width  ratios  were  obtained  by  machining  the 
notches  to  the  desired  depths.  (The  notch  tip  geometry  was  the  same 
as  that  illustrated  in  Fig.  9).  Each  point  in  Fig.  10  represents  an 
average  of  ten  repetitive  loadings.  Two  data  points  are  shown  for  the 
face-grooved  specimen  at  200°C.  These  points  lie  above  the  data  at 
room  temperature  because  of  a small  decrease  in  modulus  (s=5%)  at  the 
higher  temperature. 


^ : . 
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TABLE  4 


1TCT  COMPLIANCE 


1T-CT 

(Plane) 

IT 

-CT  (25%  Face  Grooved) 

a/W 

6/P  (23°C) 

a/W 

6/P  (23°C) 

6/P  (200°C) 

(mm/N  x lO-^) 

(mm/N  x 10~6) 

(mm/N  x 10~6) 

0.450 

5.06 

0.455 

5.69 

5.99 

0.475 

5.81 

0.480 

6.34 

0.500 

6.66 

0.505 

7.25 

0.524 

7.56 

0.529 

8.33 

0.550 

8.68 

0.557 

9.86 

0.575 

10.12 

0.578 

11.15 

0.600 

11.66 

0.605 

13.05 

0.625 

13.59 

0.621 

14.31 

15.15 

0.650 

16.06 

0.644 

16.84 

0.675 

19.33 

0.671 

20.16 

0.700 

22.92 

0.697 

24.53 

Specimen  Rotation  Correction  For  large  specimen  deflections, 
rotations  are  exhibited  in  the  load  line  and  the  load  line  displace- 
ment about  a point  close  to  the  center  of  the  remaining  ligament. 

With  large  values  of  crack  extension  this  rotation  causes  the  moment 
arm  of  the  applied  load  to  be  shorter  and  the  deflection  of  the  clip 
gage  to  be  dimenished  when  compared  with  those  values  obtained  from  a 
compliance  calibration  specimen  having  a significantly  reduced  angular 
rotation.  This  inherent  error  in  the  def lection-vs-load  relationship 
for  the  test  specimen  may  be  geometrically  corrected  using  the  follow- 
ing equation  which  assumes  rigid-body  rotation  about  the  unbroken 
ligament  mid-section: 


(6/P)  = (6/P)  I (H/R)  sin0  - cos0 


m 


j]"1  [< 


(D/R)  sin©  - cosQ 


b 


(i) 


where  6 
P 


c 

m 


crack  load-line  displacement 
applied  load 
corrected  for  rotation 
measured  experimentally 
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H = half  span  of  applied  load  points 


! 

i 


R = radius  of  rotation  of  crack  centerline  at  measurement  line 

assuming  a plastic  hinge  about  the  center  of  uncracked  ligament 

D = distance  from  crack  plane  to  measurement  line  when  P = 0 

0 = angle  of  rotation  of  rigid  body  element  about  unbroken  mid- 
section line 

w = width  of  specimen 


a = crack  length  from  load  plane 


The  above  terms  are  illustrated  in  Fig.  11. 

The  ratio  of  corrected  and  measured  values  of  6/P  from  Eq.  (1)  is 
graphically  presented  as  a function  of  relative  crack  length  (a/W)  in 
Fig.  12.  The  corrections  for  this  exact  solution  have  been  found  to 
agree  to  within  0.3%  of  those  given  by  the  equation  derived  by  Clark  (5) 
over  the  range  of  conditions  normally  found  in  compact  toughness  J tests. 

Application  of  UCM 

During  each  test,  two  records  of  load  vs  load-line  displacement  are 
obtained.  One  record  (Fig.  13)  defines  the  complete  loading  history  of 
the  specimen,  including  the  small  (;«10%)  unloading  at  periodic  inter- 
vals which  is  performed  to  determine  the  specimen  compliance  change. 

The  unloading  regions  are  greatly  amplified  (Fig.  14)  to  permit  an 
accurate  value  of  the  slope  (6/P)-'*'  to  be  measured. 

The  applied  J integral  value  at  a given  unloading  (e.g.,  position  5 
in  Fig.  13)  is  determined  from  the  relation 


J = ^ 
Bb 


where  A is  the  area  under  the  load  vs  deflection  record,  B is  the 
specimen  thickness  and  b is  the  original  unbroken  ligament  measured 
from  the  fatigue  precrack.  This  value  of  J is  adjusted  for 
the  tension  component  in  the  CT  specimen  using  the  Merkle-Corten 
procedure  (6). 
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(2) 


PERCENT  CORRECTION  FOR 
ROTATION  OF  0.04° 


DEFLECTION  (mm) 

Fig.  13  - Typical  load  vs  deflection  record  from  a lTCT  specimen 
illustrating  the  periodic  unloadings  performed  to  assess  the  crack 
extension.  The  area  A is  used  in  conjunction  with  Eq.  2 to  compute 
the  applied  J level  at  a particular  unloading. 


Fig.  14  - Amplification  of  the  unloading  traces  shown  in  Fig.  13.  Several  unloadings  are 
norfnmcH  at  a tiiven  soecimen  deflection  to  determine  an  average  value  of  compliance. 


Repetitive  unloadings  are  produced  at  a given  specimen  deflection  to 
permit  an  average  slope  to  be  determined  (Fig.  14).  These  amplified 
traces  are  quite  linear  and  exhibit  little  hysteresis.  Consequently,  the 
slope  is  determined  from  both  the  unloading  and  loading  portions  of  the 
trace.  This  value  of  slope  is  corrected  for  rotation  and  used  in  con- 
junction with  the  compliance  curves  of  Fig.  10  to  define  the  crack  length. 

The  signal  resolution  of  the  amplified  traces  in  Fig.  14  is  such  as 
permit  the  detection  of  crack  length  changes  of  0.13  mm  (0.005  in.). 

The  variation  in  the  repetitive  unloading  at  a given  specimen  deflection 
has  shown  that  an  apparent  change  in  crack  extension  of  approximately 
0.05  mm  (0.002  in.)  can  result  from  measurement  error  of  the  unloading 
slope. 

Results 

Initial  J integral  investigations  have  been  conducted  with  an  A302-B 
steel  plate  having  an  upper  shelf  energy  of  approximately  68J.  The 
mechanical  properties  of  the  plate  are  given  in  Ref.  7.  A limited 
number  of  1TCT  specimens  have  been  tested  at  200°C  using  the  UCM 
previously  discussed.  Both  smooth  and  25%  face-grooved  specimens  were 
investigated . 

A J-R  curve  for  a smooth  1TCT  specimen  tested  on  the  upper  shelf  is 
illustrated  in  Fig.  15.  Upon  achieving  the  desired  maximum  load  line 
deflection,  the  specimen  was  unloaded,  heat  tinted,  and  broken  apart 
to  reveal  the  crack  extension.  The  fracture  surface  (Fig.  16) 
exhibited  a ductile  behavior  as  expected  at  the  200°C  test  temperature. 

The  crack  extension  was  stable  and  occurred  only  with  rising  load.  This 
fact  is  reflected  by  the  rising  R curve  of  Fig.  15. 

The  Jjc  value  in  Fig.  14  was  determined  by  the  intersection  of  the 
stretch-zone  line  (J/20f)  with  the  R curve  as  recommended  by  ASTM  E-24. 
This  test  also  satisfies  the  size  requirements  of  E-24.  The  Jjc  value 
can  be  expressed  in  terms  of  Kic  (that  may  be  exhibited  by  a suitably 
larger  specimen)  by  the  relation 


= E J, 


where  E is  Young's  modulus.  The  measured  value  of  59  kj/iti 
translates  to  a Kic  of  approximately  110  MPa/m.  This  value  of 
fracture  toughness  thus  provides  a rational  interpretation  of  the 
meaning  of  the  upper  shelf  level  of  68J  for  this  steel  plate. 

Note  that  a significant  error  is  shown  in  Fig.  15  between  the  final 
crack  extension  as  predicted  by  the  UCM  and  the  average  extension  that 
was  measured  optically  from  the  broken  specimen  (eleven  point  average). 
The  fracture  surface  for  this  specimen  (Fig.  16)  exhibits  a jagged 
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Fig.  16  - Fracture  surface  associated  with  the  J-R 
curve  in  Fig.  15.  The  heat  tinted  crack  extension 
defined  by  the  "measured"  point  in  Fig.  15  has  been 
outlined.  The  larger  thumbnail  marking  of  the  frac- 
ture surface  was  produced  by  a second  loading  of  the 
specimen. 


front  that  presents  some  difficulty  in  optical  measurement.  These 
crack  front  irregularities  were  visually  averaged  to  define  the  stated 
crack  extension.  In  spite  of  potential  inaccuracies  in  the  visual 
crack  length  determination,  this  phenomenon  is  not  believed  to  account 
for  the  error  illustrated  in  Fig.  16. 

It  was  postulated  that  the  error  between  visual  and  UCM  crack 
extension  measurements  could  result  from  the  tunneling  of  the  crack  front 
in  the  smooth  specimen.  Recall  that  the  specimen  compliance  was  deter- 
mined with  a straight  crack  front.  Consequently,  specimens  having  25% 
face  grooves  were  investigated.  The  face  grooving  did  produce  a 
straight,  but  still  jagged,  crack  front  as  illustrated  in  Fig.  17. 
However,  the  J-R  curve  for  this  specimen  (Fig.  18)  also  exhibits  an 
error  between  optical  and  UCM  determinations  of  crack  extension.  The 
source  of  the  error  is  currently  unresolved. 

Note  that  there  is  a good  agreement  of  the  Jic  values  between  smooth 
and  face-grooved  specimens  (Fig.  15  vs  Fig.  18).  This  correspondence 
may  be  fortuitous  in  that  other  tests  have  indicated  a larger  spread  in 
Jic  values.  Also  note  that  the  slope  of  R curve  for  the  face-grooved 
specimen  is  less  than  that  for  the  smooth  specimen.  This  observation 
suggests  that  the  R-curve  slope  may  be  dependent  upon  specimen  geometry. 
Provided  this  apparent  geometry  dependence  is  verified  through 
additional  testing,  it  could  be  concluded  that  conservative  definition 
of  the  material  fracture  behavior  may  require  additional  emphasis  on 
• the  use  of  face-grooved  specimens. 
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Fig.  17  - Fracture  surface  of  a specimen  that  has 
been  face-grooved.  This  specimen  illustrates  the 
crack  front  shape  at  two  points  in  the  loading 
history  (indicated  by  arrows).  Face  grooving  ef- 
fectively eliminates  the  crack-front  curvature  that 
was  illustrated  in  Fig.  16. 


Fig.  18  - J-R  curve  obtained  from  a face-grooved  specimen.  Note 
that  the  measured  value  of  crack  extension  from  the  heat  tinted 
surface  does  not  agree  with  the  value  predicted  by  the  UCM. 
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